Abstract-Although 3D bio-printing technology has great potential in creating complex tissues with multiple cell types and matrices, maintaining the viability of thick tissue construct for tissue growth and maturation after the printing is challenging due to lack of vascular perfusion. Perfused capillary network can be a solution for this issue; however, construction of a complete capillary network at single cell level using the existing technology is nearly impossible due to limitations in time and spatial resolution of the dispensing technology. To address the vascularization issue, we developed a 3D printing method to construct larger (lumen size of 1 mm) fluidic vascular channels and to create adjacent capillary network through a natural maturation process, thus providing a feasible solution to connect the capillary network to the large perfused vascular channels. In our model, microvascular bed was formed in between two large fluidic vessels, and then connected to the vessels by angiogenic sprouting from the large channel edge. Our bio-printing technology has a great potential in engineering vascularized thick tissues and vascular niches, as the vascular channels are simultaneously created while cells and matrices are printed around the channels in desired 3D patterns.
INTRODUCTION
Due to diffusion limitation (100-200 lm for oxygen), 6 tissues thicker than a few hundred micrometers have difficulties in survival and proliferation without dense population of vasculatures located within the diffusion limit distance. 26, 46 Building appropriate vascular structure is critical to vitalize thick tissue, and is an important step towards clinical applications of tissue engineering. 26 Many approaches have been attempted to solve this problem. 27 One of the most investigated methods is seeding endothelial cells (ECs) in scaffolds with predefined macro-or micro-channels fabricated by freeform manner [8] [9] [10] 16, 24, 29, 31, 34, 38 or by micro-fabrication technology. 3, 16, 20, 24, 37, 40, 44, 51, 55 However, seeding ECs inside the pre-fabricated thick scaffolds is still a very challenging task. In addition, because traditional three-dimensional (3D) free-form fabrication typically involves UV, high temperature or abnormal pH, viable cells cannot be deposited during the fabrication process and have to be seeded later, therefore, greatly limits the ability to design complex tissue structures with multiple cell types. Another approach is to generate pre-vascularized tissue by mixing ECs and mural cells with hydrogels. 8, 22, 48, 50 After it is implanted into the animal, the vascular remodeling will occur and eventually connect to the host circulation. However, because the cells are simply mixed with the hydrogel, it is difficult to control the spatial organization of the cell-gel structure. In addition, the vascular formation is very limited before implantation and flow through the vasculature has not been achieved.
Recently, 3D bio-printing technologies capable of on-demand control of cells, biomaterial scaffolds have been developed. 2, 12, 28, 30, 33, 35, 45, 52, 54 This will allow the creation of complex 3D hydrogel structure and deposition of live cells within the structure at the same time of the bio-printing process. However, construction of a complete capillary network (~10 lm in diameter) at single cell level using current bio-printing technology is nearly impossible due to limitations in time and spatial resolution. Even techniques capable of single cell level patterning still require considerable manufacturing time (from hours to days) for a small piece of tissue at millimeter size, therefore, is incompatible with the live tissue fabrication. Therefore, bio-printing at a lower resolution (~100 lm) is more practical than the ones at single cell level (1-10 lm) .
In this study, we developed a 3D printing method to construct larger (lumen size of~1 mm) fluidic vascular channels and to create adjacent capillary network through a maturation process, thus providing a method to connect the capillary network to the large perfused vascular channels. We first developed a 3D printing method demonstrating fluidic vascular channels with a lumen size (diameter) of 0.5-1 mm, and ECs and the supporting mural cells can be easily introduced around the vascular channel and allowed to remodel. Microvasculature network was formed by embedding ECs and fibroblasts (FBs) within the fibrin gel in-between the two vascular channels, and angiogenic sprouting was derived from the larger printed vascular channels to create capillary-vascular channel connection (Fig. 1) . The remodeling process is driven by soluble factors, ECMs, and cell-cell interaction between ECs and the supporting cells. 4, 39, 53 The bio-printing technology allows the easy embedding of all these components within 3D scaffold at the desired location. Therefore, constructing a larger vascular perfusion channel followed by maturation of the channel and growth of the capillary network represents a feasible approach to address the vascularization issue.
MATERIALS AND METHODS

3D Bio-printing System
We have developed a bio-printing platform based on the 3D solid freeform fabrication technology. This platform has been used and reported in previous studies. [28] [29] [30] 41, 54 The printing system consists of a 3-axis robotic stage, a dispenser array with individually controlled valve dispensers, material loading units (syringes and tubes connected to dispensers and pneumatic pressure regulators) and an attachable temperature-controlling unit. The liquid-based materials including cell suspensions, soluble growth factors/ chemicals, micro-beads suspension, and many types of hydrogel precursors can be dispensed by air pressure during the gate opening of the micro-valve. The volume of dispensing droplet (i.e., drop size) can be adjusted by control of valve opening duration and the air pressure to the fluid pathway. Normal operation allows for continuous dispensing with an actuation frequency of 1 kHz, providing high throughput printing capability. The resolution can be varied systematically by controlling the volume of the dispensed droplets. The minimum resolution of the printing varies with the viscosity of the material. For aqueous materials (e.g., water and cell culture media), the minimum resolution is~100 lm, and is greater (~200 lm) for viscous materials (e.g., collagen and matrix proteins). A userfriendly software interface facilitates on-demand generation of spatial patterns of the materials in 3D at sub-cellular accuracy with bidirectional reproducibility of 5 lm.
Cell Culture and Hydrogel Preparation
Human umbilical vein endothelial cells (HUVECs) were cultured at 37°C in 5% CO 2 in EGM Ò -2 Endothelial Cell Growth Medium-2 (Lonza; containing hEGF (human recombinant Epidermal Growth Factor), hydrocortisone, GA-1000 (Gentamicin, Amphotericin-B), FBS (fetal bovine seum), VEGF (Vascular Endothelial Growth Factor), hFGF-B (human Fibroblast Growth Factor -Basic with heparin), R 3 -IGF-1 (Human Recombinant Insulin-like Growth Factor), ascorbic acid, and heparin). Normal human lung fibroblasts (NHLFs) were cultured at 37°C in 5% CO 2 in Dulbecco's modification of Eagle's Medium (DMEM) supplemented with 15% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. Culture media was changed every 2 days. HUVECs and NHLFs were FIGURE 1. Schematics of growth and maturation process of the multi-scale vascular system fabricated by using 3D bioprinting technology.
routinely passaged onto tissue culture flask and were discarded after 8 passages and 12 passages respectively to ensure representation of key characteristics. In order to individually image the capillary formation and EC sprouting, HUVECs transfected with lentivirus overexpressing EGFP (green) and mCherry (red) were separately cultured. GFP-HUVECs were used to create microvascular bed in between fluidic channels. mCherry-HUVECs were seeded on the inner surface of the two larger fluidic channels. NHLFs were not labeled with fluorescent color. Right before cell seeding, cells were harvested using 0.25% Trypsin-EDTA, and then maintained as cell suspensions on ice until ready to be seeded.
Collagen hydrogel precursor (Rat tail, type I, BD Biosciences) was used as a main scaffold material for printing. The collagen precursor from stock was diluted to 3.0 mg/mL and was maintained on ice until ready to be loaded into a syringe (which serves as a printer cartridge) for printing. Gelatin from porcine skin (Sigma-Aldrich) was used as a sacrificial material to create fluidic channels. The concentration of gelatin solution was adjusted to 10%, in which gelatin is reversibly solidifies at room temperature and liquefies at 37°C. To create capillary bed, Fibrinogen (final concentration: 10 mg/mL), thrombin (final concentration: 3U/mL), HUVECs (final cell density: 1 9 10 6 cells/mL), and NHLFs (final cell density: 2 9 10 6 cells/mL) were prepared and maintained on ice until ready to be deposited.
Defining Printing Parameters
Printing pressure and dispenser valve opening times (pulse duration) are crucial parameters for the proper printing of various biomaterial hydrogel and cells. These parameters were determined based upon the viscosity of the biomaterials being dispensed. The lowest pressure that showed stable dispensing without clogging was used for the printing of collagen and gelatin. As 10% gelatin solution at 37°C is more viscous than collagen precursor, higher pressure was employed for the printing of gelatin compared to collagen. Pressure values in the range of 3.0-4.0 psi and 750 ls for valve opening times were used for collagen printing. For gelatin printing, 4.0-5.5 psi of pressure and 750 ls of valve opening time were used.
Construction of Two Fluidic Vascular Channels with Microvascular Bed
Through a layer-by-layer approach, 28, 29, 54 we created two fluidic vascular channels within a 3D collagen I matrix (3 mg/mL) using 10% gelatin as a sacrificial material (Fig. 2) . The collagen precursor was printed on a flow chamber and polymerized by NaHCO 3 nebulization This collagen printing step was repeated 5-6 times to fill the bottom half of the flow chamber ( Fig. 2, step 1 ). 10% gelatin, a thermo-reversible hydrogel used as a sacrificial material, was printed in a straight pattern (Fig. 2, step 2) . The gelatin solidified within 1-2 min when it was exposed to room temperature. The flow chamber was kept in 4°C for 10 min to complete gelatin solidification and to provide higher degree of rigidity to gelatin pattern. Fibrinogen, thrombin, HUVECs (GFP-transfected), and NHLFs (kept on ice before use) were quickly mixed, and deposited in between two channels during the fabrication process (Fig. 2, step 3 ). Once fibrin gelation was completed (~5 min), several layers of collagen were FIGURE 2. Channel construction and fibrin deposition procedure using 3D bio-printer.
printed on top of the entire structure (Fig. 2, step 4 ). The whole structure was then incubated for 20-30 min to liquefy gelatin and obtain fluidic channels. Then mCherry-transfect HUVECs were injected into the channels in suspension (seeding density: 8 million cells/ mL) to be seeded on the inner channel surface and create cell lining (Fig. 2, step 5 ).Following this step, the flow chamber was connected to a peristaltic dispensing pump and gentle media flow was applied (Fig. 2, step 6 ). The entire construct was printed on a flow chamber which allows stable, long-term perfusion. 41, 54 Total four needles were installed on a single flow chamber to separately connect two fluidic channels to the perfusion system. The construct was cultured with EGM-2 media flow (10-100 lL/min, <1 dyn/cm 2 of shear stress) through the one or two vascular channels for 14 days.
Immunostaining
Following the 14 days of culture, the vasculature samples were fixed with 4% paraformaldehyde. The immunostaining of CD31 marker was performed using Mouse Anti-Human CD31 antibody (Life Technology) and Alexa Fluor 350 Goat Anti-Mouse IgG (H+L) antibody (Life Technology) to visualize the morphology of individual HUVEC that forms capillaries. Each antibody incubation step was followed by 3 washing steps with DPBS, 10 min each.
Measurement of Diffusional Permeability
To demonstrate the functional significance of the vascular structures on perfusion, we measured diffusional permeability of the vascular structures and compared with that of control samples. The control samples had same exact structure with the proposed model ( Figs. 1 and 2 ) except that the fibrin-cell mixture was made out of only fibrin and NHLFs, without HUVECs. Thus, there were no capillary formation occurred in the control samples while NHLFs proliferated, produced collagen and filled the structure. The diffusional permeability was assessed by injecting culture media containing 20 lg/mL Alexa Fluor 647-conjugated 10 kDa dextran (Invitrogen) through one of the larger vascular channels. After injection, fluorescence images were captured every 2 min for 10 min using a wide-field fluorescent microscope. A diffusional permeability was calculated by quantifying changes of fluorescent intensity over time using the following equation;
, where P d is diffusional permeability coefficient, I 1 is average intensity at an initial time point, I 2 is average intensity after delta time (t), I b is background intensity, and d is diameter of the channel. 43 
RESULTS
Construction of Multi-scale Vascular Network and Capillary Formation Within Fibrin
We constructed two fluidic channels with adjacent capillary network within fibrin gel embedded inbetween the two channels through 3D bio-printing (Fig. 3) . In order to individually recognize the capillary formation occurred within fibrin gel and the EC sprouting from the larger fluidic channel, HUVECs transfected with GFP (green) and mCherry (red) were separately cultured and used for fibrin gel and fluidic channels, respectively (Fig. 3) . GFP-HUVECs were used to create microvascular bed in between fluidic channels (Fig. 4) . As shown in Figs. 3 and 4 , the seeded GFP cells maintained round shape with minimal proliferation until Day 2. Then they began to stretch and formed primary capillary plexus on Day 4. The connections between GFP-HUVECs became denser and more complex over time, accompanying cell proliferation and stretching (Day 4-8). Lumen formation began on Day 8-9, and a uniform and clear lumen structure was developed over the next few days (Fig. 4) .
NHLFs, the supporting mural cells, were not labeled with fluorescent color, thus not shown in the figure. However, general distribution of NHLFs can be identified using wide-field phase contrast microscopy. The NHLFs proliferated rapidly, and filled 50-60% of the entire collagen structure (12 mm 9 20 mm 9 3 mm) after 2 weeks of culture. The proliferation and migration rate of NHLFs are far higher than that of HUVECs. HUVECs first formed capillary network within fibrin, then the network became denser and more uniform as HUVECs increase their number within fibrin. After then, the capillaries grew toward the outer collagen space already filled with NHLFs.
The HUVECs began to form tube structure on Day 8-9, and the capillary network became denser, created more branches with lumen (Figs. 3 and 4) . The hollow lumen structure of the capillary bed was identified by wide-filed fluorescent microscopy (Figs. 4 and  5a) .Tube border and empty hollow space in the middle of capillary tubes were clearly shown in Fig. 5a . Images from cryo-sectioned slices confirmed the existence of lumen (Figs. 5b, 5c, and 5d ). The width of lumen was 10-25 lm in this experiment. CD31 staining of capillaries presented that each tube was enclosed with 2-4 ECs (Fig. 4f) . The lumen structure was maintained while they were extending towards the collagen matrix (Fig. 3, magnified inset image) .
Angiogenic Sprouting of ECs Sprouting and Optimization of Media Perfusion
We conducted experiments with only large fluidic channels (without fibrin capillary bed) to investigate EC sprouting from the channel edge in various culture conditions. Whereas flow culture condition (shear stress: 10 dyn/cm 2 ) restricted angiogenic sprouting and matrix invasions of ECs, they were actively occurred on the vascular channel edge under static culture condition (Fig. 6) . The sprouting initiated on Day 3-4 all over on the channel edge, and extended up to 400 lm on Day 7 (Fig. 6) . As the sprouts continued to invade and extend into the collagen matrix, they became longer, contained progressively more cells, and began to branch out. Stereotypical sprouting morphology was observed in these sprouts, presenting thin filopodia-like protrusions at the sprout tip. Although no chemotactic gradient (e.g., gradients of pro-angiogenic factors) was applied within the whole collagen construct, majority of sprouts grew in the orthogonal direction of the channel edge. In most of the cases, cell migration into the collagen matrix was exclusively occurred by angiogenic invasion and sprouting. Single cell migration into the matrix was rarely observed.
The static culture condition is suitable in this study since the angiogenic sprouting of ECs is required to make connection between the large fluidic channels and the capillary networks formed within fibrin. However, unlike the large channel-only models with limited number of HUVECs, the proposed multi-scale vascular system involves far more cells, and static culture was not able to support the tissue viability more than 3 days. This viability issue can be solved by applying media perfusion through the channel, but we found that fluid shear restricted angiogenesis (Fig. 7a) .
We compromised the two different culture conditions (static and flow) by applying gentle flow through one of the fluidic channels. 10-100 lL/mL of flow rate was used in this experiment, in which the shear stress was maintained below 1 dyn/cm 2 . This flow was able to support the viability and lumen formation of the capillary plexus; however, it caused delay on the initiation of angiogenic sprouting for 1-3 days (data not shown). 
Sprouting of ECs from the Larger Fluidic Channels
Under the dynamic culture condition (10-100 lL/ min of flow rate), the channels successfully supported cell viability and the maturation of microvasculature for 2 weeks. Budding and sprouting of HUVECs from the channel surface began on Day 3-7 (Fig. 7) . We observed two different types of cell sprouting which can be roughly categorized into two types. The first type of angiogenesis (Figs. 7a and 7b ) is characterized by thin and long sprouts and earlier initiation of sprouting (Day 3-5). The initial budding of these sprouts involves less than 5 cells and the sprouts quickly invaded into the matrix, extending up to 700 lm on Day 14. The width of the sprouts was 10-30 lm. The second type of angiogenic sprouting initiated with more cells at later time point (Day 5-7). The invasion/growth rate of these sprouts is significantly slower than that of thin sprouts. Also, these sprouts often regress when they fail to make contact with capillaries as shown in Fig. 7c . The width of the spouts is usually larger than 500 lm. Occasionally, the growing EC sprouts bifurcated or branched out (Figs. 7b and 7c) . The width of bifurcated or branched sprouts became similar to that of parental sprouts 2-3 days after branching. Some of these outreached cell sprouts touched the green capillary network within fibrin and merged with them and develop luminal structure together (Fig. 8) . Both the thin sprouts (Figs. 8a and 8b ) and the wide sprouts (Fig. 8c) were able to merge with the capillary within the fibrin gel.
Diffusion Patterns of Dextran in the Vascular Structures With and Without Microvascular Bed
In order to demonstrate the functional significance of the multi-scale vascular network model on perfusion, 10 kDa dextran was injected into the larger vascular channel and the dextran diffusion pattern was observed. In the multi-scale vascular structure, dextran molecules quickly flowed into the microvascular bed through the channel-capillary connection, and then diffused into the tissue (Fig. 9a, top panel) . On the other hand, only passive diffusion from the larger channel was observed in the tissue without microvascular bed (Fig. 9a, bottom panel) . The diffusional permeability was calculated by quantification of fluorescent intensity (Fig. 9b) . The calculation result shows that diffusional permeability is about twice higher in the vascular tissue with capillary network. However, due to the extensive light scattering and the limitation of the imaging techniques in thick tissue as well as the sample variability, the difference is not large enough to be statistically significant.
DISCUSSION
Our method enables the construction of endothelialized fluidic channels (lumen size of~1 mm), the formation of adjacent capillary network, and consequently the generation of multi-scale vascular network by connecting mm-scale vessels with microvasculatures. The large channels were created using 3D bio-printing technology, and angiogenic sprouting of ECs was derived from the channel edge. The formation of capillary network was achieved by embedding ECs and FBs within fibrin, which allows the self-assembling of ECs into capillary lumens, a process resembles the vasculogenesis. In order to create these two different types of vasculature within single tissue construct, we developed an integrated technique by combining 3D bio-printing technique to control vascular structure for perfusion and the biological self-assembling of ECs, mural cells and matrix. This integrated method allows introducing several critical components into the vascular tissue construct: (1) Proper extracellular matrix (ECM) that can promote angiogenesis. Fibrin, a natural hydrogel formed from fibrinogen by the protease thrombin, has been shown to induce EC tube formation with mature capillaries surrounded by multiple, polarized ECs. 8, 34, 39 (2) Supporting mural cells, FBs in this study, are often needed in order to develop and maintain vascular structure stability. 38, 39 These cells provide endogenous growth factors that are essential for vessel formation and remodeling.
Formation of an open vascular lumen is a critical component of the angiogenesis and vasculogenesis process. It is driven by interaction between ECs, mural cells and the extracellular matrices, and is regulated by complex molecular pathways. 1, 5, 21, 23 We found that the proper combination of cells and matrices is critical for bio-printing of the vascular structure. In this study, we choose collagen gel (3.0 mg/mL) as a main scaffold material because it supports angiogenic sprouting of vascular cells 25, 40, 49 and the structure integrity required for bio-printing. Fibrin gel (10 mg/mL) is frequently utilized for in vitro vasculogenesis models, 8, 20 and thus has been chosen to create capillary bed. The choice of cells is also important. We found that NHLFs and HUVECS are able to form robust interconnected vascular lumens; however, if human dermal fibroblasts (HFF-1; ATCC) are used, there was very little capillary lumen formation (data not shown). Interestingly, we found that human dermal microvascular ECs are RFP-HUVECs were in the larger fluidic channel in both structures. GFP-HUVECs formed capillary network and the capillary network was connected to the larger channel in the structure with capillary network (top). Dextran molecules quickly flowed into the channel-capillary connection in the capillary-containing structure, whereas the molecules stayed in the larger channel in the structure without capillaries. (b) Calculation of diffusional permeability.
very limited in their ability to form vascular lumens in this setting, a very surprise finding since they are derived from capillaries. The exact mechanism of what control the differences of these cells in lumen formation is unknown and warrants further studies.
We successfully created a 3D hydrogel structure with two mm-scale channels and fibrin-cell mixture located in-between the channels. Although we used two different types of hydrogel and there were time difference in deposition and gelation, there was no visible gel separation between collagen and fibrin gel. There is a chance that microgap exists at the beginning; however it is likely that these small gaps were filled with actively proliferating FBs or removed by scaffold remodeling.
We observed that NHLFs proliferated much more actively than HUVECs in 3D culture condition, even though the doubling times of NHLFs and HUVECs in conventional 2D culture condition are similar (15 and 17 h, respectively). It has been reported that EC behaviors are distinct from 2D culture during angiogenesis and vasculogenesis, one example is a decrease in cell proliferation. 7, 11, 42 The 3D encapsulation condition may also has a greater influence on HUVECs than NHLFs, as we observed that fibrin-embedded HUVECs maintained round cell shape for 2 days whereas NHLFs expanded its cytoplasm and begun to proliferate from Day 1.
After 2 weeks of culture, NHLFs occupied 50-60% of the entire volume of the 3D structure. Although large number of FBs embedded in hydrogel generally caused a dramatic contraction/shrinkage of scaffold material, 18, 19 it has not been observed in our study. We postulate that the bio-printing process alter the microstructures of the hydrogel thus change the degree of tissue contraction. This is in consistent with the results from our previous study on skin tissue printing. 30 The HUVECs embedded in fibrin formed initial plexus, then capillary network with lumen. The uniformly distributed network pattern, diameter, and morphological features of the capillaries are comparable to other in vitro microvascular formation researches. 36, 39 There were temporal differences in the initiation of plexus and lumen formation, mainly due to the difference in hydrogel concentrations, hydrogel compositions, and media ingredients.
The existence of flow is critical in inducing angiogenic sprouting from the edge of the large fluidic channels. It has been reported that long-term exposure of endothelium to shear restricts EC proliferation and lowers the metabolic rate. 32 A complete static condition is ideal for EC sprouting; however, certain level of media perfusion is required to support viability of the thick tissue structure. Gentle flow (10-100 lL/mL of flow rate, <1 dyn/cm 2 of shear stress) was used to keep a balance between the tissue viability and angiogenesis. On the other hand, a proper media perfusion is necessary to maintain the stability of the newly formed vascular network. Therefore, to create a stable capillary network which connects flow to the large channel, it is necessary to fine-tune flow rate in a step-wise manner in order to simultaneously control the angiogenic behaviors, tissue survival/maturation and vascular stability. Our platform enables to create a broad span of shear stress and flow pattern, providing opportunities: (1) to investigate flow-relevant behaviors of ECs and vascular tissues; and (2) to obtain a vascular tissue with desired endothelium features. Active angiogenic EC sprouting was observed at the edge of the large vascular channels. In the experiment with large vessels (without embedding fibrin-cell mixture), EC sprouts grew up to 400 lm for seven days of culture (Fig. 6) ; however, the sprouts regressed after then (data not shown). Endothelial-coated surface and ECM proteins played a critical role in this early development of EC sprouting. 6, 13, 15 However, signals from growth factors or mural cells are necessary to maintain and promote the EC sprouting. 14, 17, 38, 39 In our proposed vascular tissue model with capillary network, large number of NHLFs secret signaling molecules (e.g., growth factors), maintaining outgrowth of EC sprouts for over 2 weeks (Figs. 7 and 8 ). The morphology of sprouts budded from the channel edge is comparable to other 3D in vitro angiogenesis experiments. 40, 49 The luminal structure on the root and stalk part, thin filopodia-like protrusions at the sprout tip, and branches/bifurcations were observed in our model. However, there are difference in the initiation time point, growth rate, and branching pattern, probably due to the variance in gel concentration and composition, and the difference in culture media ingredients.
Two different types of EC sprouts were presented in this study. The thin and long sprouts are more common than wider sprouts, however there was no particular pattern observed in the occurrences of these sprouts. One explanation will be local irregularities of scaffold material or cell distribution. If a small part of channel edge touches slightly lower concentration of hydrogel or ECs are more densely seeded in a small area, it may cause the wider EC sprouting. There were regressions observed in the wider sprouts when they failed to contact with capillary network. The wider sprouts may require an incorporation of pericytes to avoid the regression and to stabilize the new vessel formation. 14, 15, 42, 47 It will be interesting to further investigate the differences between these two types of sprouts.
In the dextran diffusion assay, dextran molecules quickly flowed toward microvascular network and showed higher diffusional permeability within a thick tissue structure in comparison to vascular tissue structure without capillaries (Fig. 9) . In the vascular tissues with capillaries, the dextran flow pattern revealed architecture of capillary network connected to the larger fluidic channel. The results demonstrated the vascular perfusion capability of our proposed model, as well as clearly confirmed the connection between the large vessel and microvasculatures (Fig. 9a, top panel) . The diffusional permeability was calculated based on the fluorescent intensity change in the observation window. 43 Due to limitations of the current imaging technique on detecting signal from a focal plane of mm-scale thick tissues, signal intensity was acquired by wide field fluorescent imaging. This leads to the signals that come from all depth of the collagen structure instead of just one focal plane. It is considered as a reason why the results had no statistically significant difference between samples with and without capillary network on calculations. Local discrepancies of cell distribution or capillary distribution seem to be also responsible for a wide variation in local signal intensity change. An improved imaging technique capable of measuring the depth-resolved signal intensity in large scale in real time is essential to address the limitations. Mesoscopic fluorescence molecular tomography 41, 54 capable of imaging depth resolved fluorescent signals in thick 3D structure is currently under development to improve its sensitivity and imaging performance, and can be served as a imaging tool to evaluate an actual filtration of molecules across the endothelium.
In this study, we developed a technique to create perfused in vitro vascular channels with adjacent capillary network using only cells and biological matrices thus allow the occurrence of native vascular remodeling events in the system. Compared to other approaches to microfabricate vascular network that require sophisticated fabrication and assembling steps, 16, 20, 40, 44, 51, 55 our approach to create multi-scale vascular network is relatively straightforward. Our bio-printing technology allows the embedding of various components involved in the capillary formation (e.g., supporting cells, soluble factors, and ECMs); therefore, it has a great potential in engineering vascularized thick tissues and vascular niches, as the vascular channels are simultaneously created while cells and matrices are printed around the channels in desired 3D patterns. It can also serve as a unique experimental tool for investigating fundamental vascular biology under 3D dynamic conditions, which is difficult to access either in vivo or in conventional in vitro models. For example, various dynamic culture condition, chemical agents, scaffold components, and different types of mural cells or mesenchymal stem cells can be controlled in our system, thus it provides opportunities to study the influence of individual factors and their synergetic effects on vascular development, maturation and abnormalities.
